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Interferon (IFN)-mediated innate immune defense is a potent antiviral mechanism. Viruses evade innate immunity and limit
secretion of beta interferon (IFN-�) to replicate and survive in the host. The largest tegument protein of herpes simplex virus 1
(HSV-1), UL36, contains a novel deubiquitinase (DUB) motif embedded in its N terminus, denoted UL36 ubiquitin-specific pro-
tease (UL36USP). In the present study, we demonstrate that HSV-1 UL36USP inhibits Sendai virus (SeV)-induced interferon
regulatory factor 3 (IRF3) dimerization, promoter activation, and transcription of IFN-�. The DUB activity of UL36USP is es-
sential to block IFN-� production. UL36USP also inhibited IFN-� promoter activity induced by overexpression of the N termi-
nus of RIG-I (RIG-IN) and MAVS, but not TBK-1, I�B kinase � (IKK�), and IRF3/5D. UL36USP was subsequently shown to deu-
biquitinate TRAF3 and prevent the recruitment of the downstream adaptor TBK1. The recombinant HSV-1 lacking UL36USP
DUB activity was generated. Cells infected with the mutant virus produced more IFN-� than wild-type (WT) HSV-1-infected
cells. These findings demonstrate HSV-1 UL36USP removes polyubiquitin chains on TRAF3 and counteracts the IFN-� pathway.

Innate immunity is the first line of host defense against pathogen
invasion. The type I interferon (IFN-I) system plays a crucial

role for vertebrates in controlling viral infections. Pattern recog-
nition receptors (PRRs) of the host cells mediate the innate recog-
nition of viruses and initiate a series of signaling cascades, activat-
ing the transcription factors NF-�B and interferon regulatory
factors 3 and 7 (IRF3 and IRF7). The activated NF-�B and IRF3/7
collaborate to trigger the expression of IFN-I, which upregulates a
diverse set of interferon-stimulated genes (ISGs) and protects host
cells against the invading virus (1–4).

Ubiquitination is a widely used posttranslational protein mod-
ification that regulates many physiological processes, including
immune responses (5, 6). Ubiquitination has a crucial role in reg-
ulating the RIG-I signaling pathway. It is reported that ubiquitin
(Ub) ligase tripartite motif-containing protein 25 (TRIM25) and
RNF135 catalyze K63-linked polyubiquitination of RIG-I, and
this enhances the binding of RIG-I to MAVS (IPS-1/Cardiff/
VISA) (7, 8). Downstream of RIG-I, K63-linked polyubiquitina-
tion of TRAF3 recruits the kinases TBK1 and I�B kinase ε (IKKε),
leading to IRF3 phosphorylation and subsequent IFN-I produc-
tion (9–13). TRIM56 stimulates K63-linked polyubiquitination of
STING, helping to recruit TBK1 (14, 15). TBK1 and IKKε also
undergo polyubiquitination, which has been suggested to pro-
mote IRF3 activation (16, 17). Furthermore, TRIM23 is involved
in polyubiquitination of NEMO, enhancing beta interferon
(IFN-�) production (18).

Herpes simplex virus 1 (HSV-1) is the archetypal member of
the Alphaherpesvirinae subfamily, with a large, linear double-
stranded DNA (dsDNA) virus genome of about 152 kb. HSV-1 is
an extremely successful human pathogen and has evolved multi-
ple immune evasion strategies that allow it to exist for the lifetime
of its host. For example, HSV-1 ICP0 targets IRF3 and blocks IFN
production (19–22). Previous studies from our lab have demon-
strated that varicella-zoster virus (VZV) immediate early protein
open reading frame 61 (ORF61), the homologue of HSV-1 ICP0,
antagonizes the IFN-� pathway by degradation of activated IRF3
(23), and HSV-1 US11 serves as a novel antagonist of the IFN-�

pathway via direct binding to RIG-I and MDA-5 (24). HSV-1
ICP34.5 binds and sequesters TBK-1 to inhibit IFN production
(25, 26). The virion host shutoff (vhs) protein of HSV-2 sup-
presses IFN and ISG induction by degrading cellular mRNA (27,
28). ICP27 was also suggested to inhibit IFN production, and
HSV-1 lacking functional ICP27 induces higher levels of IFN-�
and IFN-� in macrophages than wild-type (WT) virus does (29).
HSV-1 US3 is suggested to play an important role in immune
evasion during HSV-1 infection, and US3 null HSV-1 resulted in
strong activation of IRF3 and IFN-I responses (30).

The largest tegument protein of HSV-1, VP1/2, the product of
the UL36 gene, is essential for HSV-1 replication and is conserved
across the Herpesviridae family. VP1/2, a large multifunctional
protein, plays crucial roles in HSV-1 entry, capsid transport, and
virion assembly, formation of mature virions, microtubule trans-
port of capsids, neuroinvasion, pathogenesis, etc. (31–41). Kat-
tenhorn et al. have identified an approximately 500-amino-acid
peptide that exhibits unique deubiquitinase (DUB) activity (de-
noted as UL36USP, for UL36 ubiquitin-specific protease), which
is embedded within the N-terminal region of HSV-1 VP1/2 (42).
UL36USP is detectable as early as 12 h postinfection and only after
cleavage of UL36USP from full-length UL36. HSV-1 UL36USP is
highly specific for ubiquitin and cleaves K48- and K63-linked
polyubiquitin chains but not ubiquitin-like proteins, such as
SUMO 1, Nedd8, or ISG15 (38, 42–44). A purified UL36USP ex-
pressed in Escherichia coli has also been shown to specifically bind
to ubiquitin and cleave ubiquitin-based substrates. UL36USP
contains the core catalytic residues, including C65 (in HSV), that
are required for its deubiquitinase activity (42).
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Homologues of HSV-1 UL36USP have been confirmed in sev-
eral other members of herpesviruses, including pseudorabies virus
(PRV) (45), Marek’s disease virus (46), human cytomegalovirus
(HCMV) (44, 47), murine cytomegalovirus (MCMV) (48), sim-
ian cytomegalovirus (47), Epstein-Barr virus (EBV) (38), Kaposi’s
sarcoma-associated herpesvirus (KSHV), (49), and mouse her-
pesvirus strain 68 (MHV68) (50). Although the precise role of
UL36USP remains unclear, its strict conservation through all Herpes-
viridae subfamilies suggests an important role during viral infection.

Ubiquitination has a crucial role in regulating the innate im-
mune response. Thus, it is not surprising that viruses have evolved
strategies to manipulate the Ub ligation process to thwart host
defense mechanisms (51, 52). It was recently reported that EBV-
encoded BPLF1 deubiquitinates TRAF6 to inhibit NF-�B signal-
ing during lytic infection, leading to promotion of viral lytic DNA
replication (53). However, the mechanism by which HSV-1
UL36USP is involved in immune evasion is still poorly under-
stood. In this study, we demonstrate that ectopic expression of
UL36USP significantly downregulates Sendai virus (SeV)-acti-
vated IFN-� promoter activity and that the deubiquitinase activity
of UL36USP is indispensable for the inhibitory activity. Addition-
ally, UL36USP is demonstrated to cleave both the K63- and K48-
linked polyubiquitin chains of TRAF3 and abrogate TRAF3 me-
diation of IFN-� production. Finally, a recombinant HSV-1
lacking deubiquitinase activity, denoted C40A HSV-1, was gener-
ated, and infection by mutant HSV-1 resulted in higher produc-
tion of IFN-�. These findings reveal a novel mechanism for HSV-1
to evade the host’s antiviral immunity.

MATERIALS AND METHODS
Cells, viruses, and antibodies. HEK293T cells, Vero cells, and HeLa cells
were grown in Dulbecco’s modified Eagle medium (DMEM) (Gibco-
BRL) supplemented with 10% fetal bovine serum (FBS) and 100 U/ml of
penicillin and streptomycin. The WT HSV-1 F strain and its derivative
UL36USP mutant HSV-1 strain were propagated in Vero cells and titrated
as described previously (54). Sendai virus (SeV) was propagated and
titrated as previously described (24). The protease inhibitor cocktail mix-
ture was purchased from CST (Boston, MA). Mouse anti-Myc, anti-Flag,
and antihemagglutinin (anti-HA) monoclonal antibodies (MAbs) were
purchased from ABmart (Shanghai, China). Mouse monoclonal IgG1 and
IgG2b isotype control antibodies were purchased from eBioscience, Inc.
(San Diego, CA). Rabbit anti-TRAF3 polyclonal antibody (pAb), rabbit
anti-Ub pAb, and mouse anti-�-actin MAb were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Rabbit antibody against IRF3-S396
was previously described (23).

Plasmid construction. All enzymes used for cloning procedures, ex-
cept for T4 DNA ligase (New England BioLabs, MA), were purchased
from TaKaRa (Dalian, China). To construct UL36USP-Flag, the N-termi-
nal 500-amino-acid (aa) region of UL36 was amplified from plasmid
UL36-EYFP (expressing enhanced yellow fluorescent protein [EYFP]) as
previously described (55) and cloned into the HindIII and EcoRI sites of
the pCMV-Flag vector. Commercial reporter plasmids include NF-�B-
Luc (expressing luciferase (Luc) (Stratagene, La Jolla, CA) and pRL-TK
plasmid (expressing thymidine kinase [TK]) (Promega). Gift plasmids
include the following: (PRDIII-I)4-Luc (56), pcDNA3.1-FlagTBK1 and
pcDNA3.1/Zeo-MAVS (57), pcDNA3.1-FlagIKKε (58), pEF-Flag-
RIG-IN (59), IRF3/5D (60), pCAGGS-NS1 (61), and IFN-� promoter
reporter plasmid p125-luc (62).

RNA isolation, semiquantitative RT-PCR, and quantification of gel
image. Total RNA was extracted from HEK293T cells with TRIzol (Invit-
rogen, CA) according to the manufacturer’s manual. Samples were di-
gested with DNase I and subjected to reverse transcription (RT) (63). The
cDNA was used as a template for semiquantitative PCR to investigate the

expression patterns of human IFN-�, ISG54, and ISG56. The details of the
protocols have been described previously (23).

Transfection and dual luciferase reporter (DLR) assay. HEK293T
cells were plated on 24-well dishes (Corning, NY) in DMEM (Gibco-BRL,
MD) with 10% FBS at a density of 1 � 105 cells per well overnight before
transfection, as previously described (23). Cells were then cotransfected
with 1 �g expression plasmid, 500 ng reporter plasmid, such as those
expressing IFN-�-Luc, NF-�B-Luc, or (PRDIII-I)4-Luc, and 50 ng of
pRL-TK Renilla luciferase reporter plasmid to normalize transfection ef-
ficiency, as indicated by standard calcium phosphate precipitation (64,
65). At 24 h posttransfection, cells were infected with SeV (100 hem-
agglutination units [HAU]/ml) for 16 h, and then luciferase assays
were performed as previously described (23) with a luciferase assay kit
(Promega, Madison, WI). Poly(I · C) and poly(dA-dT) were purchased
from InvivoGen.

Co-IP and WB analysis. Coimmunoprecipitation (co-IP) assays were
performed as previously described (54). Briefly, HEK293T cells
(�5 �106) were cotransfected with 10 �g of the indicated expression
plasmids. Transfected cells were harvested at 24 h posttransfection and
lysed on ice with 500 �l of lysis buffer. The lysates were incubated with the
indicated antibodies and 30 �l of a 1:1 slurry of protein A/G PLUS-agarose
(Santa Cruz Biotechnology, Santa Cruz, CA) overnight at 4°C. The beads
were washed four times with 1 ml of lysis buffer containing 500 mM NaCl,
and Western blot (WB) analysis was performed to detect the interaction of
proteins. The co-IP assays were repeated twice; a typical blot is shown.

WB analysis was performed as previously described (54). Briefly, the
protein samples were subjected to 10% SDS-PAGE and transferred to
polyvinylidene difluoride (PVDF) or nitrocellulose membranes, followed
by blocking with 5% nonfat milk in Tris-buffered saline-Tween (TBST)
and probed with the indicated primary antibodies at 37°C for 2 h. After
being washed with TBST, the membrane was incubated with alkaline
phosphatase (AP)-conjugated goat anti-rabbit IgG or goat anti-mouse
IgG. Protein bands specific to the antibody were developed by 5-bromo-
4-chloro-3-indolylphosphate (BCIP)-nitroblue tetrazolium (NBT) and
terminated by distilled water.

Native PAGE. Native PAGE was carried out using ReadyGels (7.5%;
Bio-Rad). The gel was prerun with 25 mM Tris and 192 mM glycine (pH
8.4), with 1% deoxycholate (DOC) in the cathode chamber for 30 min at
40 mA. Samples in native sample buffer (10 �g protein, 62.5 mM Tris-Cl
[pH 6.8], 15% glycerol, 1% DOC) were size fractionated by electropho-
resis for 60 min at 25 mA and transferred to nitrocellulose membranes for
WB analysis as previously described (66).

Recombinant virus construction. Two-step Red-mediated recombi-
nation was applied to construct UL36(C40A) HSV-1 (67). The Kanr cas-
sette was amplified by PCR with a pair of primers containing 40-bp-
homology flanking sequence of mutant sites. Then the PCR product was
transformed into E. coli GS1783 competent cells carrying the pHSV-1
bacterial artificial chromosome (BAC) via electroporation. PCR assays
were used to identify the positive clones. L-Arabinose was used to induce
the second Red recombination to delete the Kanr cassette (see Fig. 5). To
analyze the integrity of the BAC clones, 15 �l of BAC DNA was digested
with HindIII or BamHI, and the restriction pattern of BAC DNA was
compared to that of WT BAC (data not shown). The recombinant viruses
were validated by PCR and sequencing using primers upstream or down-
stream of the UL36 mutant sites (data not shown). Then viruses were
harvested, and the growth kinetics of the recombinant viruses were char-
acterized by both traditional plaque assay and luciferase activity assay in
Vero cells at a multiplicity of infection (MOI) of 0.1 or 1. The luciferase
activity assay was performed with a luciferase assay kit (Promega, Madi-
son, WI).

ELISA for IFN-�. An enzyme-linked immunosorbent assay (ELISA)
to quantify secreted IFN-� was carried out with culture supernatants col-
lected from infected cells as previously described (24). Briefly, cell culture
medium was collected and centrifuged to remove cell debris. A human
IFN-� ELISA kit (PBL InterferonSource, Piscataway, NJ) was used to
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detect the IFN-� according to the manufacturer’s instructions. Four-
week-old female C57BL/6 mice were purchased from the Experimental
Animal Center, Wuhan Institute of Virology, Chinese Academy of Sci-
ences. The mice were injected with 106 PFU of the indicated virus. After 24
h, the mice were sacrificed, and a Legend Max mouse IFN-� ELISA kit
(BioLegend, San Diego, CA) was used to detect the IFN-� in serum. The
animal study proposal was approved by the Institutional Animal Care and
Use Committee (IACUC) of the Experimental Animal Center, Wuhan
Institute of Virology, Chinese Academy of Sciences. The approved proto-
col no. is IACUC2013012.

RESULTS
UL36USP inhibits the SeV-mediated activation of IFN-� and
interferon-stimulated response element promoter activity. To
investigate the function of UL36USP in the regulation of virus-
mediated activation of IFN-� promoter, UL36USP was coex-
pressed in HEK293T cells in the presence of IFN-� reporter, and
the pRL-TK Renilla luciferase reporter plasmid. DLR assays
showed that Sendai virus (SeV) infection led to an �170-fold
induction of the IFN-�-Luc reporter activity. Ectopic expression
of UL36USP significantly suppressed SeV-mediated activation of
the IFN-� promoter activity (Fig. 1A). The NS1 served as a posi-
tive control. Furthermore, UL36USP also inhibited the poly(I ·
C)-induced IFN-� promoter activity (Fig. 1B). It has been re-
ported that the core catalytic residues, including C65 (in HSV-1),
are important for the deubiquitinase activity of UL36USP, and the
mutation of Cys65 to Ala abolishes its deubiquitinase activity (42).
However, in the HSV-1 F strain, we found that residue Cys40 is
required for the DUB activity of UL36USP. In Fig. 1C, ubiquiti-
nation level of total protein was significantly reduced by transfec-
tion of UL36USP but not the C40A mutant. In order to determine
whether the DUB activity of UL36USP is required for the inhibi-
tion of IFN production, C40A mutants were generated. DLR as-
says showed that ectopic expression of C40A did not affect the
SeV-mediated activation of the IFN-� promoter activity (Fig. 1D).

IRF3 is a key transcription factor in the IFN-� signaling path-
way, and its dimerization is a hallmark of the early activation of the
antiviral response. Native PAGE assays were performed to exam-
ine whether UL36USP inhibited IRF3 dimerization. As shown in
Fig. 1E, IRF3 existed as a monomer in mock-treated cells, and SeV
infection induced the dimerization of IRF3. However, the pres-
ence of UL36USP inhibited the SeV-mediated IRF3 dimer for-
mation. Ectopic expression of C40A failed to inhibit dimeriza-
tion of IRF3.

The IFN-I induces a diverse set of IFN-stimulated genes (ISGs)
to mediate the innate antiviral response. Whether UL36USP in-
hibited SeV-induced transcription of ISG54 and ISG56 was de-
tected by semiquantitative PCR. Expression of wild-type
UL36USP significantly inhibited SeV-induced ISG54 and ISG56
mRNA expression, whereas the presence of the C40A mutant did
not affect the expression of ISG54 and ISG56 (Fig. 1F). Taken
together, these results indicate that UL36USP was sufficient to
inhibit SeV-mediated activation of IFN-� activities and that the
DUB activity of UL36USP was required for its inhibitory activity.

UL36 inhibits the IFN-� signaling pathway at the level be-
tween MAVS and TBK1. The transcription of the IFN-� gene
required transcription factor IRF3 and NF-�B binding to distinct
regulatory domains in the IFN-� promoter. To investigate
whether UL36USP inhibited the SeV-induced activation of IRF3
and NF-�B, reporter gene assays were performed in HEK293 cells
using the luciferase reporter plasmid driven by the tandem IRF

binding sites PRD(III-I) and the NF-�B regulatory element from
the IFN-� promoter. The result showed that SeV infection in-
duces strong IRF-responsive PRD(III-I) and NF-�B promoter ac-
tivities, and transfection of UL36USP remarkably inhibited both
SeV-induced PRD(III-I) (Fig. 2A) and NF-�B (Fig. 2B) reporter
activities.

To determine at what level in the pathway UL36USP blocked
IFN-� production, UL36USP, and expression plasmids of RIG-I
signaling pathway components, including the active CARD do-
main-containing form of RIG-I (RIG-IN), MAVS, IKKε kinase,
TBK1 kinase, or the active form of IRF3 (IRF3/5D), were cotrans-
fected into HEK293T cells. All expression constructs resulted in a
110- to 800-fold induction of the IFN-�-Luc reporter activity (Fig.
3A to E). IFN-� promoter activation driven by RIG-IN or MAVS
was inhibited about 90% by UL36USP (Fig. 3A and B). Whereas
UL36USP could not significantly suppress the IFN-� promoter
activation driven by TBK1, IKKε, or IRF3/5D (Fig. 3C to E). These
results suggested that UL36USP inhibited the IFN antiviral re-
sponse at the level between MAVS and TBK1.

UL36USP deubiquitinates TRAF3 and inhibits recruitment
of TBK1. In the RLR-mediated signaling pathway, TRAF3 links
upstream IFN signaling responses of IPS-1 (MAVS/Cardiff/VISA)
to TBK1. The K63-linked polyubiquitination of TRAF3 is crucial
for signaling by MAVS and recruitment of the kinases TBK1 and
IKKε (9, 11). Thus, we investigated the possibility that UL36USP
cleaved the polyubiquitin chain of TRAF3. In the co-IP experi-
ment, TRAF3-Flag, Ub-HA, and UL36USP or the C40A expres-
sion plasmid were cotransfected into HEK293T cells. Following
SeV infection, TRAF3 was immunoprecipitated by anti-Flag anti-
body, and the Western blot assay was performed to detect the
ubiquitination of TRAF3. As shown in Fig. 4A, the presence of
UL36USP reduced the SeV-induced ubiquitination of TRAF3,
whereas the C40A mutant did not affect the ubiquitination level of
TRAF3. Then co-IP assays were carried out to investigate whether
UL36USP removed the K63- or K48-linked polyubiquitin chain of
TRAF3. TRAF3-Flag was transfected with the linkage-specific
ubiquitin HA-K63-Ub or HA-K48-Ub expression plasmid into
HEK293T cells. The results showed that UL36USP could inhibit
both K48- and K63-linked ubiquitination of TRAF3 (Fig. 4B).

We further investigated whether deubiquitinating activity of
UL36USP impaired the interaction between TRAF3 and TBK1. As
shown in Fig. 4C, more TBK1 was coimmunoprecipitated by
TRAF3 after SeV stimulation than that shown in the lane without
SeV infection. Cotransfection with UL36USP, but not the C40A
mutant, inhibited the SeV-induced recruitment of TBK1 by
TRAF3. Taken together, the results indicated that UL36USP deu-
biquitinated TRAF3 and abrogated the recruitment of TBK1.

UL36 C40A mutant virus induced a larger amount of IFN-�
than WT virus. To investigate the physiological functions of
UL36USP in context with HSV-1 infection, the UL36 C40A point
mutant, denoted C40A HSV-1, was generated using our HSV-1
BAC system as previously described (Fig. 5A) (68). Recombinant
HSV-1 BAC contains a firefly luciferase cassette, and the luciferase
activity could be easily quantified in vitro. Luciferase activity as-
says were used to determine the replication kinetics of C40A
HSV-1 and WT HSV-1. When Vero cells were infected with the
corresponding viruses at an MOI of 0.1, mutation of the key cys-
teine residue of UL36USP did not affect the viral replication (Fig.
5B). Traditional plaque assays were also performed at an MOI of
1.0 in Vero cells, and the results correlated with the luciferase
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activity (Fig. 5C). Because Vero cells are deficient in IFN produc-
tion, we examined the replication of C40A HSV-1 in HEK293T
cells to further study the function of UL36USP. Interestingly,
the luciferase activity assay showed that the replication of
C40A HSV-1 was remarkably impaired compared with that of
WT HSV-1 (Fig. 5D). ICP0, UL42, and UL46 expression in
C40A HSV-1-infected HEK293T cells was also reduced (Fig. 5E),

confirming the reduced replication of C40A HSV-1. Semiquanti-
tative PCR was performed to detect the transcription of ISG54 and
ISG56 in C40A HSV-1-infected HEK293 cells. The results showed
that a remarkably higher level of transcription of ISG54 and ISG56
was observed in C40A HSV-1-infected HEK293T cells at 12 and 24
h postinfection (Fig. 5F), implying that the replication of C40A
HSV-1 was suppressed by the higher level of ISGs.

FIG 1 HSV-1 UL36USP inhibits SeV-mediated IFN-� induction. UL36USP inhibits activation of IFN-� promoter, dimerization of IRF3, and transcription of
ISGs. (A) HEK293T cells were cotransfected with IFN-�-Luc reporter plasmid, the pRL-TK control plasmid along with empty vector, and plasmids encoding
UL36USP or influenza virus NS1 protein. Twenty-four hours after transfection, cells were infected with 100 HAU/ml SeV or mock infected, luciferase activity was
measured 16 h postinfection, and fold activation was determined compared to that of the empty vector with mock infection. (B) UL36USP inhibited poly(I ·
C)-induced IFN-� promoter activity. IFN-�-Luc, pRL-TK, TLR3, UL36USP, and empty vector were transfected as indicated. After 24 h, 100 ng/ml poly(I · C)
was transfected as indicated. Luciferase activity was measured as in panel A. (C) HEK293T cells were cotransfected with HA-Ub and control vector, UL36USP,
or UL36USP with the C40A mutant. Western blotting was performed to examine the ubiquitination of total cell lysates. (D) DLR assays showed that the C40A
mutant did not inhibit the SeV-mediated activation of the IFN-� promoter activity. (E) HEK293T cells were transfected with the UL36USP and C40A expression
plasmid. Twenty-four hours posttransfection, cells were mock infected or infected with SeV for 16 h. Whole-cell extracts were subjected to native PAGE and
probed with anti-IRF3 antibody to detect IRF3 dimerization. (F) Semiquantitative RT-PCR analysis was then performed to detect the mRNA levels of ISG54
and ISG56.
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To detect the ubiquitination of TRAF3 in the context of viral
infection, HEK293T cells were transfected with TRAF3-Flag and
HA-Ub expression plasmid and subsequently infected with SeV,
WT HSV-1, or C40A HSV-1 at an MOI of 5 for 16 h. Then co-IP
experiments were performed to detect the ubiquitination of
TRAF3. As expected, WT HSV-1 infection abrogated TRAF3
ubiquitination, whereas C40A HSV-1 infection did not (Fig. 6A).
Co-IP assays were also performed using endogenous TRAF3 and
Ub, and the results demonstrated that WT HSV-1 infection, but
not C40A HSV-1 infection, abrogates the ubiquitination of
TRAF3 (Fig. 6B).

Semiquantitative PCR was performed to measure the IFN-�
mRNA expression in HEK293T cells, mouse embryonic fibroblast
(MEF) cells, and HeLa cells infected with wild-type or C40A
HSV-1. SeV induced a high level of IFN-� mRNA as a positive
control. The WT HSV-1 infection induced only a trace amount of
IFN-� mRNA. The C40A mutant viruses induced a significantly
higher level of IFN-� mRNA than WT HSV-1 did in all three cell
lines (Fig. 6C). Then ELISAs were also performed to measure the
secretion of IFN-� when HEK293T cells were infected by those
viruses at an MOI of 5 for 10 h. The results indicated that C40A
HSV-1 induced a remarkably larger amount of IFN-� secretion

FIG 2 UL36USP inhibits SeV-mediated IRF3 and NF-�B promoter activation. HEK293T cells were cotransfected with either pRDIII-I-Luc (A) or NF-�B
reporter plasmid (B) along with pRL-TK control plasmid and empty vector or plasmids encoding the indicated viral proteins. Twenty-four hours after
transfection, cells were infected with 100 HAU/ml SeV or mock infected for 16 h, and luciferase activity was measured and fold activation was determined
compared to those of the empty vector with mock infection.

FIG 3 UL36USP inhibits the IFN-� promoter activity between the level of MAVS and TBK1/IKKε. HEK293T cells were cotransfected with IFN-�-Luc
reporter, PRL-TK and RIG-IN (A), IPS-1 (B), TBK1 (C), IKKε (D), or IRF3/5D (E) expression plasmids along with UL36USP expression plasmid.
Luciferase activity was analyzed as described for Fig. 1A. The data represent means � standard deviations for three replicates. Statistical analysis was
performed using the t test. *, P � 0.05.
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than the wild type (Fig. 6D). In addition, C57BL/6 mice were
infected with 106 PFU of the indicated virus for 24 h, and serum
IFN-� was detected with an ELISA kit. WT HSV-1 only induced a
little IFN-� production. C40A HSV-1 infection induced the pro-
duction of approximately 12 ng/ml IFN-�, which was remarkable
higher than the level in WT virus infection (Fig. 6E).

Taken together, these pieces of evidence demonstrated that
HSV-1 UL36USP deubiquitinates TRAF3 and suppresses IFN-�
production, contributing to immune evasion during HSV-1 infec-
tion.

DISCUSSION

Innate immunity is a conserved, rapid response mechanism
against pathogen invasion. IFN-� plays a crucial role in mediating
antiviral response through the induction of a diverse set of ISGs.
The PRRs of host cells recognize a pathogen-associated molecular
pattern, which usually is viral nucleic acid. PRRs subsequently
initiate a series of signaling cascades and finally activate IRF3 and
NF-�B, inducing the transcription of IFN-� (69, 70). Ubiquitina-
tion is a crucial regulatory mechanism in the innate antiviral re-
sponse, and many viruses encode DUBs to counteract the innate
immunity. A number of viruses encode DUBs to manipulate cel-
lular processes, and several viral DUBs have been shown to play
crucial roles in immune evasion. HSV-1 UL36USP and the homo-
logues in other herpesviruses, including MCMV M48, HCMV
UL48, EBV BPLF1, and KSHV and MHV68 ORF64 (44, 47–49,
53), could cleave both K48- and K63-linked polyubiquitin chains.
It is recently reported that the N-terminal 325-aa region of EBV
BPLF1 carries DUB activity, interacts with, and deubiquitinates
TRAF6 to inhibit NF-�B signaling during lytic infection (53).
KSHV ORF64 reduces the ubiquitination of RIG-I, counteracting
RIG-I-mediated IFN signaling (71). The papain-like protease do-
main 2 (PLP2) of murine hepatitis virus A59 (MHV-A59) deubiq-

uitinated TBK1 and reduced its kinase activity (72). Papain-like
protease (PLpro) of foot-and-mouth disease virus (FMDV), a pa-
pain-like proteinase which acts as a viral DUB, was reported to
decrease IRF3/7 expression and inhibit activation of NF-�B, sup-
pressing dsRNA-induced IFN-I production (73). Hepatitis B virus
(HBV) X protein cleaves Lys63-linked polyubiquitin chains of
many proteins to negatively regulate IFN-I production (74). The
cysteine protease domain of porcine reproductive and respiratory
syndrome virus (PRRSV) nonstructural protein 2 possesses deu-
biquitinating and interferon antagonism functions (75). PLpro
from the severe acute respiratory syndrome coronavirus (SARS-
CoV) removes K48-linked polyubiquitin chains; PLpro mutations
enhanced innate immune signaling (76, 77). Arterivirus papain-
like protease 2 (PLP2) can also remove ubiquitin from cellular
proteins and is also involved in innate immune evasion (78). All of
these facts indicate that encoding of viral DUBs is one of the pre-
ferred mechanisms to subvert the host’s innate immune response.

We found that ectopic expression of UL36USP was sufficient
to downregulate SeV-activated IFN-� promoter activity.
UL36USP inhibited the activities of RIG-IN and MAVS, but not
TBK1, IKKε, and IRF3/5D-mediated IFN-� promoter activities,
suggesting UL36 inhibits IFN-� production at a level between
those of MAVS and TBK1. Subsequently, UL36USP was identified
as deubiquitinating TRAF3 and inhibiting the recruitment of
TBK1 by TRAF3. Also, a recombinant HSV-1 lacking DUB activ-
ity of UL36USP induced more IFN-� than WT HSV-1.

HSV-1 UL36USP is embedded within the N-terminal region of
the VP1/2 HSV-1 large tegument protein, and the core catalytic
residue, including C65 (in HSV), is required for its deubiquitinase
activity (42). Whereas the Cys65 did not exist in VP1/2 of HSV-1
F strain, Cys40 was further identified to be required for the DUB
activity. The C40A mutation in UL36USP abolished its inhibitory

FIG 4 UL36USP deubiquitinates TRAF3. (A) HEK293T cells were transfected with HA-Ub, TRAF3-Flag along with empty vector, UL36USP-Myc, or C40A-
Myc. Twenty-four hours posttransfection, cells were infected with SeV or mock infected. Flag-tagged TRAF3 was immunoprecipitated using an anti-FLAG
antibody and subjected to immunoblot (IB) analysis using an anti-HA antibody to detect ubiquitination of TRAF3. (B) UL36 deubiquitinates both K48- and
K63-linked polyubiquitin chains of TRAF3. TRAF3-Flag, UL36USP-Myc, and HA-Ub or the linkage-specific ubiquitin HA-K63-Ub or HA-K48-Ub expression
plasmid was transfected as indicated. After SeV infection, co-IP assays were performed to detect the ubiquitination of TRAF3. (C) Co-IP experiments indicated
that UL36USP inhibited the SeV-mediated recruitment of TBK1 by TRAF3.
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activity to IFN-� production. The C40A HSV-1, harboring the
C40A mutation in UL36USP and lacking DUB activity, was gen-
erated. Luciferase activity assays and plaque assays showed that
C40A HSV-1 replicated in Vero cells with little difference from
WT HSV-1. This result is similar to that found with recombinant
HSV-1 with a C65A mutation at the active site of HSV-1
UL36USP. The single-step growth curve assays of VP1/2 C65A
mutant HSV-1 in rabbit skin cells (RSC) indicated that the C65A
mutation of HSV-1 did not affect viral replication (43). Because
the Vero cell is deficient in IFN production, the replication of
C40A HSV-1 was also examined in HEK293T cells. Interestingly,
the replication of C40A HSV-1 in HEK293T cells was reduced,
compared to that in the WT HSV-1 strain. Western blot assays
were performed to detect the expression of ICP0, UL42, and UL46
in HEK293T cells, and the same result was received. Thus, we
speculated that C40A HSV-1 induced more IFN-� production,
which inhibited the replication of the mutant virus. Subsequently,
we examined the IFN-� production induced by C40A HSV-1. As
expected, ELISA and semiquantitative PCR demonstrated that
cells infected with C40A HSV-1 produced remarkably more
IFN-� than cells infected with WT HSV-1.

UL36USP was shown to inhibit the production of IFN-� by

removing polyubiquitin chain on TRAf3, and C40A HSV-1 infec-
tion failed to deubiquitinate TRAF3, inducing more IFN-� and
ISGs expression than WT virus did. HSV-1 evolves multiple im-
mune evasion strategies, and several HSV-1 proteins have been
demonstrated to inhibit IFN-� production and contribute to im-
mune evasion at different levels, including ICP0 (19–22), US11
(24), ICP34.5 (25, 26), vhs (27, 28), ICP27 (29), and US3 (30).
Most of these viral proteins, including UL36, are components of
the tegument and are released into the cytoplasm immediately
after viral entry, contributing to the inhibition of the early antivi-
ral response. It was reported that HSV-1 ICP0 dampened IFN
production by sequestering IRF3 and CBP/p300 away from the
normal binding sites on the promoter of host genes, and the ICP0
mutant HSV-2 led to an enhanced antiviral response (19–22).
However, the role of ICP0 in immune evasion might be exagger-
ated in the context of HSV-1 infection, because the mutation of
ICP0 abolished its transactivation function and decreased the ex-
pression of other early and late genes. Although the contributions
of those proteins to immune evasion remain uncharacterized, we
inferred that UL36USP and those HSV-1 proteins collaborated to
evade the host antiviral response.

Mutation of the conserved cysteine residue of USPs in most

FIG 5 The UL36USP C40A mutation reduces the replication of recombinant virus in HEK293T cells. (A) Schematic diagram of construction of the C40A HSV-1
BAC. Cys40 of UL36 was substituted for by Ala in the HSV-1 genome. Confluent Vero cells were infected with the indicated viruses at MOI of 0.1 (B) and 1.0 (C).
Growth curves were generated by luciferase activity assays (B) and traditional plaque assays (C). (D, E, and F) HEK293T cells were infected with WT HSV-1 or
C40A HSV-1 at an MOI of 0.1. Growth curves were generated by luciferase activity assays. (D) The expression of ICP0, UL42, and UL46 was detected by Western
blotting. (E) The transcription levels of ISG54 and ISG56 were detected by semiquantitative PCR (F).
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herpesviruses impaired viral replication in vitro. HEK293 cells in-
fected by BPLF1-deficient recombinant EBV exhibited poor viral
DNA replication compared with the wild type. Knockdown of p65
in cells restored DNA replication of BPLF1-deficient viruses (53).
MHV68 carrying an enzymatically inactive ORF64 protein was
cleared faster than revertant viruses in an in vivo mouse infection
model (50). HCMV harboring a mutation in the pUL48 USP do-
main (C24I or H162A) replicated more slowly and produced 10-
fold-lower level of progeny virus (36, 44). PRV with a VP1/2 USP
C26S or C26A mutation resulted in about a 20- to 30-fold or 10- to
20-fold reduction in virus replication, respectively (45, 79).

In recent years, herpesvirus tegument USPs have attracted

much interest. Several USPs have been shown to play an impor-
tant role in virus pathogenesis and have been suggested to be pos-
sible targets for antiviral therapy (48). For example, in the absence
of USP activity, PRV is deficient for neuroinvasion properties in
the mouse model system and exhibits delayed onset of pathogenic
features after intranasal infection of mice (45). In this study,
UL36USP was identified to deubiquitinate TRAF3 and suppress
IFN-� production. These findings reveal a novel mechanism for
HSV-1 to evade host antiviral immunity and will help to develop
new drug targets for anti-HSV-1 therapy.
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